. Such transfer was suggested to have occurred from another eukaryote (Roger et al. 1998) ; from an ␣-proteobacterium closely related to, but distinct from, the mitochondrial endosymbiont (Sogin 1997) ; or from an ␣-proteobacterium ingested as food (Doolittle 1998 ).
Here we show that the nuclear-encoded cpn60 of the diplomonad Spironucleus barkhanus, a distant relative of Giardia, is of ␣-proteobacterial origin and is specifically related to that of G. lamblia and that both diplomonad proteins branch noncontroversially among mitochondrial homologs from other eukaryotes in phylogenetic reconstructions-indicating that extant diplomonads are derived from ancestors which had experienced the mitochondrial endosymbiosis. Furthermore, we show that cpn60 provides no evidence for an early divergence of diplomonads from other eukaryotes.
From an expressed sequence tag (EST) project on the diplomonad S. barkhanus ATCC strain 50380, we identified a cDNA with strong similarities to characterized mitochondrial cpn60 gene sequences and used it to isolate a full-length gene from a lambda DASHII genomic library using standard methods (Horner, Hirt, and Embley 1999) . Conceptual translation of the S. barkhanus cpn60 sequence indicated a peptide of 512 amino acids with a putative N-terminal extension of 16 amino acids relative to proteobacterial sequences ( fig. 1 ). This extension is similar in length to the putative mitochondrial targeting peptides of apicomplexan and euglenozoan cpn60 identified by alignment (not shown). The S. barkhanus putative leader peptide resembles protist cpn60 mitochondrial targeting signals in the presence of aromatic residues and the absence of negatively charged side chains. The primary sequence similarity between protist cpn60 mitochondrial targeting peptides is rather low, which hinders inferences of possible function. However, mitochondrial targeting peptide detection software (www.mips.biochem.mpg.de/cgi-bin/proj/medgen/ mitofilter) did recognize the Spironucleus N-terminal extension as a plausible targeting peptide ( fig. 1 ) with approximately the same confidence as the Trichomonas vaginalis presequence which has been shown to be functional in this respect (Bui, Bradley, and Johnson 1996) . No potential targeting peptide was detected in the G. lamblia sequence, nor was the functional Entamoeba histolytica mitosome targeting presequence (Mai et al. 1999; Tovar, Fischer, and Clark 1999) recognized by this software ( fig. 1 ). Studies using antibodies heterologous to GroEL/cpn60 have previously indicated a punctate localization of this gene product in G. lamblia (Soltys and Gupta 1994; Roger et al. 1998 ), but no membranebounded organelle was demonstrated.
Since it is unknown whether or not diplomonads have retained an organelle to which cpn60 might be tar-FIG. 1.-Alignment of Escherichia coli GroEL with sample mitochondrial/mitosomal and diplomonad cpn60 sequences. Highlighted residues are derived from published analyses (Braig et al. 1994; Fenton et al. 1994; Buckle, Zahn, and Fersht 1997; Brocchieri and Karlin 2000) . Putative mitochondrial targeting peptides were identified in silico (www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter) and have not been experimentally confirmed.
geted, we investigated whether there were any sequence features that might indicate changed or conserved cpn60 function. Twenty of 25 residues implicated in ATP binding and hydrolysis and Mg ϩϩ binding in Escherichia coli (Braig et al. 1994; Fenton et al. 1994; Brocchieri and Karlin 2000) are conserved in the diplomonad sequences (20 of these 25 residues are conserved in plant cpn60, and 21 are conserved in animal and fungal isoforms) ( fig. 1) . Similarly, hydrophobic and nonpolar residues identified in E. coli as substrate-or oligopeptidebinding sites (Fenton et al. 1994; Buckle, Zahn, and Fersht 1997) are also conserved in both diplomonad sequences ( fig. 1 ). However, residues in regions implicated to be involved in interactions between the equatorial domains of subunits comprising opposing rings in the GroEL complex (Braig et al. 1994; Fenton et al. 1994; Brocchieri and Karlin 2000) are poorly conserved in diplomonad and some other protist sequences ( fig. 1 ). Interestingly, these regions are also divergent in metazoan chaperonins which exist as single-ring, rather than double-ring, structures (Viitanen et al. 1992) . The region of the diplomonad sequences corresponding to residues 305-320 of the E. coli sequence contains insertions and deletions and is difficult to align unambiguously ( fig. 1 ). This region is thought in E. coli GroEL to constitute a contact point for interactions with the cochaperonin GroES (cpn10) (Braig et al. 1994; Brocchieri and Karlin 2000) . Finally, of 48 charged residues predicted to be exposed to the inside of the barrel structure of the E. coli GroEL complex (Brocchieri and Karlin 2000) , 35 are conserved with respect to charge among most mitochondrial, as well as bacterial, sequences. However, 22 have undergone nonconservative substitutions in one or both of the diplomonad genes ( fig. 1 ). We noted an intermediate level of conservation of these residues in the E. histolytica and Dictyostelium discoideum sequences ( fig. 1 ), where 12 had undergone nonconservative substitutions. In the light of these observations, we speculate that diplomonad chaperonin complexes, like those of metazoans (Viitanen et al. 1992) , may exist as single-ring heptamers and that the nature of the chaperonin/cochaperonin interaction and polypeptide release mechanisms in diplomonad chaperonins may differ from those other characterized systems. The differing pattern of conservation of functionally significant residues in diplomonad chaperonins may also reflect a reduced or altered spectrum of substrate proteins.
Eukaryote mitochondrial and representative bacterial cpn60/GroEL gene sequences were recovered from GenBank. Translated gene products were aligned using CLUSTAL W (Thompson, Higgins, and Gibson 1994) and refined manually. DNA alignments were backaligned using the program PUTGAPS (J. O. McInerney, NHM). Ambiguously aligned regions were removed, leaving 280 aligned codons (77 taxa) for phylogenetic analyses. To reduce the effects of compositional bias and saturation on phylogenetic reconstruction, codon position 3 was excluded. Because we observed base composition variation between cpn60 sequences for codon positions 1ϩ2 (43.3% for Plasmodium falciparum to 56.6% for Bradyrhizobium japonicum), we used LogDet/Paralinear DNA distances (Lake 1994; Lockhart et al. 1994) in PAUP 4.0b4a (Swofford 1998) . To partially correct for site rate variation, we removed (Waddell and Steel 1997) the proportion of inferred invariable sites (17% of all sites, 100% of constant sites) estimated using maximum likelihood (ML) (Lockhart et al. 1996; Hirt et al. 1999) , leaving 464 variable nucleotide positions for analysis (77 taxa). It has been suggested that for data sets that display nucleotide composition variation, it may be better to analyze inferred protein sequences rather than DNA sequences (Hasegawa and Hashimoto 1993) , the expectation being that compositional bias will be mitigated at the amino acid level, allowing the correct tree to be recovered. Balanced against this view is the loss of information from collapsing characters from DNA to protein (Yang and Roberts 1995; Miyamoto and Fitch 1996) and observations that amino acid composition biases also occur in cpn60 protein sequences (Roger et al. 1998) . ML analyses of protein alignments were performed with PROTML in MOLPHY 2.3 (Adachi and Hasegawa 1996) using the heuristic quick-add OTU method, with the JTT-f amino acid replacement model. Since PROTML assumes that all sites can vary, we first removed the proportion of sites inferred to be invariable (9.6% of all sites, 90% of constant sites) using a variable/invariable model in PUZZLE (Strimmer and von Haeseler 1996) . The resulting data set contained 253 amino acid positions for 77 taxa.
The altered pattern of amino acid conservation for diplomonad cpn60 discussed above is also expected to affect phylogenetic analyses of these data. Thus, the diplomonad branches are by far the longest in all trees ( fig.  2) , and inspection of the cpn60 protein alignments revealed a number of unambiguously aligned sites which were constant for all eukaryote sequences except for S. barkhanus (26 sites), G. lamblia (11 sites), or both (15 sites). Other groups of taxa contributed far fewer such sites (five for the plant clade, three for the fungal clade). Moreover, the proportions, as well as the distributions, of variable sites appear to be different for cpn60 sequences from mitochondriate and secondarily amitochondriate lineages. Using a codon capture/recapture method (Sidow, Nguyen, and Speed 1992) , the number of variable codons in the 280-amino-acid data set was inferred to be 211 among aerobic, mitochondrial taxa. Inclusion of diplomonad, Trichomonas, and Entamoeba sequences increased this value to 245 codons. These observations demonstrate that the number and distribution of invariable sites differ across the cpn60 tree (Miyamoto and Fitch 1995; Lockhart et al. 1996) and suggest that phylogenetic inferences from this data set which use homogeneous models should be treated with caution.
DNA LogDet/Paralinear distance analyses, as well as ML analysis of the 77 taxa protein data set, recovered the G. lamblia and S. barkhanus sequences as internal branches within a moderately supported (64% bootstrap support) clade otherwise defined by mitochondrial, hydrogenosomal, and mitosome/crypton isoforms (here referred to as the mitochondrial clade) of cpn60 genes. In common with published analyses, both protein ML (not shown) and LogDet/Paralinear distance analyses ( fig.  2A ) recovered a paraphyletic ␣-proteobacteria as sister to the mitochondrial clade (Viale and Arakaki 1994; Clarke and Roger 1995; Bui, Bradley, and Johnson 1996; Horner et al. 1996; Roger, Clarke, and Doolittle 1996; Roger et al. 1998) . The intracellular parasites of the Rickettsia/Ehrlichia subgroup were sister to the eukaryotes with weak (50%) bootstrap support. Taken at face value, this topology suggests that the mitochondrial endosymbiont arose from within the ␣-proteobacteria and that it shared a common ancestor with this particular group of ␣-proteobacteria. To investigate this further, we removed all but the Rickettsia prowazekii sequence, which represents the shortest branch (Felsenstein 1978) in this group, prior to repeating the LogDet/Paralinear distances analysis. A sister group relationship between R. prowazekii and the mitochondrial clade was still recovered, but still with only moderate bootstrap support (58%; not shown).
Spironucleus barkhanus cpn60 forms a strongly supported monophyletic group, irrespective of method of analysis, with the one from Giardia lamblia (fig. 2) . The simplest explanation for this group is that these two diplomonads inherited their cpn60 gene from a common ancestor. Since Spironucleus and Giardia represent separate arms of what is currently recognized as the deepest split among diplomonads (Rozario et al. 1996) , the cpn60 gene was already present early in the history of this group. A weakly supported relationship between T. vaginalis and the diplomonads was recovered in the best LogDet/Paralinear distances tree and in the eukaryotesonly protein ML tree ( fig. 2B) . Thus, the cpn60 sequence data, while not strongly supporting it, cannot exclude a potential sister relationship between diplomonads and T. vaginalis, which has been suggested by analysis of other molecular data sets (Edlind et al. 1996; Keeling and Doolittle 1996; Hashimoto et al. 1997 Hashimoto et al. , 1998 Roger et al. 1998; Hirt et al. 1999) . Given that mitochondria and hydrogenosomes share common ancestry (Embley, Horner, and Hirt 1997; Akhmanova et al. 1998; Martin and Müller 1998; Dyall and Johnson 2000) , a relationship between Giardia and Trichomonas would support sec-
FIG. 2.-Phylogenetic trees.
A, LogDet/Paralinear distance tree for variable sites (DNA codon positions 1 ϩ 2; heuristic searches were performed using the TBR method with 100 random additions of taxa). Bootstrap partitions are derived from a bootstrap consensus tree and are shown when they are above 50%, as well as for selected branches. B, Protein maximum-likelihood tree, obtained using PROTML for 26 eukaryote sequences. Bootstrap partitions from 100 resampled data sets were obtained using PHYCON (J. McInerney NHM, London) and PROTML (100 replicates each of 50 quick-add OTU iterations).
ondary loss of mitochondria in diplomonads (Embley and Hirt 1998; Roger 1999) .
A relationship between Giardia and Entamoeba, as recovered by Roger et al. (1998) , was not supported in our phylogenetic analyses when we introduced corrections to mitigate known problems with the cpn60 DNA and protein data sets (Roger et al. 1998) (fig. 2) . Instead, both LogDet/Paralinear distances (with strong bootstrap support) and protein ML (with weak bootstrap support) recovered E. histolytica together with the aerobic mitochondrion-containing slime mold D. discoideum. The presence of a shared single amino acid deletion ( fig. 1) is consistent with the hypothesis that these two organisms are related. Several authors have noted the instability of the placement of E. histolytica gene sequences in phylogenetic trees (Keeling and Doolittle 1996; Baldauf 1999) . However, close scrutiny of published gene trees reveals that E. histolytica and D. discoideum appear together sufficiently frequently to provide a good working hypothesis of relationship. For example, trees based on ␣-tubulin (Keeling and Doolittle 1996) , smallsubunit RNA (Kumar and Rzhetsky 1996) , and EF-2 ) have all depicted this topology. Moreover, Cavalier-Smith (1998) recently suggested uniting these taxa within the subphylum Conosa of the phylum Amoebozoa based on morphological features.
Like Roger et al. (1998) , we found an ␣-proteobacterial origin for Giardia (and Spironucleus) cpn60, and, like them, we believe that acquisition of this gene from the mitochondrial endosymbiont is the preferred explanation. Nevertheless, Roger et al. (1998 ), Sogin (1997 , and Doolittle (1998) have posed other explanations involving HGT that they suggested could also account for the mitochondrial-like phylogeny of Giardia cpn60 and that would preserve the status of Giardia as primitively amitochondriate (a bona fide archezoan sensu Cavalier-Smith [1983] ). The first of these alternatives was the casual suggestion that HGT of cpn60 from another eukaryote to Giardia could explain the cpn60 data (Roger et al. 1998 ). As we show here, there is no support from phylogenetic analyses for this suggestion. The second alternative posits that Giardia could have obtained its cpn60 gene through HGT from an ␣-proteobacterial donor that was distinct from the mitochondrial endosymbiont (Sogin 1997; Doolittle 1998; Roger et al. 1998) . It is germane to consider what observations might actually require, or provide support for, this scenario.
Available data indicate a single origin of mitochondria (Gray, Burger, and Lang 1999) . If all mitochondrial eukaryotes obtained their cpn60 from one source (the mitochondrion endosymbiont) and the diplomonads from another (not the mitchondrion endosymbiont), then these cpn60 genes should form two distinct clades. If descendants of the different ␣-proteobacterial donor lineages were not included in the analysis, or if they were extremely closely related, the diplomonad sequences should still constitute the basal branch in a eukaryote clade. In our analyses, bootstrap support for a clade containing all eukaryotic cpn60 was only moderate (64%) from LogDet/Paralinear distances of DNA sequences, but there was no evidence from bootstrap partitions that diplomonad sequences particularly eroded that support. Furthermore, the diplomonad cpn60 sequences were recovered as an internal branch within the mitochondrial clade, not as a sister to all other eukaryotes, as the ␣-proteobacterial-but-not-mitochondrion endosymbiont scenario predicts.
In conclusion, we observe no relationships in our phylogenetic analyses that require ad hoc explanations involving lateral gene transfer from obscure or unknown donors as a source of diplomonad cpn60 genes. The obvious explanation of the trees is that the two highly divergent diplomonads G. lamblia and S. barkhanus are not archezoans, but, like other eukaryotes, inherited their cpn60 genes from a common ancestor that once contained the mitochondrial endosymbiont.
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